Objective-Experimental studies suggest that adipose inflammation is etiologically linked to obesity-induced systemic disease. Our goal was to characterize the state of inflammation in human fat in relation to vascular function and metabolic parameters in obese individuals. Methods and Results-We collected subcutaneous abdominal fat in 77 obese subjects (BMI Ն30 kg/m 2 ) and quantified adipose macrophage population using targeted immunohistochemistry. Brachial artery vasodilator function was examined using high-resolution vascular ultrasound. In 50 subjects, an inflamed adipose phenotype characterized by tissue macrophage accumulation in crown-like structures was associated with systemic hyperinsulinemia and insulin resistance (HOMA-IR 5.5Ϯ4.5 versus 2.6Ϯ1.9, Pϭ0.002) and impaired endothelium-dependent flow-mediated vasodilation (8.5Ϯ4.4% versus 10.8Ϯ3.8%, PϽ0.05), as compared to subjects with quiescent noninflamed adipose architecture (nϭ27). Macrophage retention in fat was linked to upregulated tissue CD68 and tumor necrosis factor (TNF)-␣ mRNA expression in addition to increased plasma hs-CRP. Conclusions-In a cohort of obese subjects, we demonstrate that proinflammatory changes in adipose tissue are associated with systemic arterial dysfunction and insulin resistance. These findings suggest that adipose inflammation may be linked to vascular injury and increased cardiovascular risk in obese subjects. (Arterioscler Thromb Vasc Biol. 2008;28:1654-1659)
O besity represents a disease state characterized by chronic subclinical inflammation linked to increased risk of type-2 diabetes and atherosclerosis. 1, 2 Although the stimulus or source for persistent immune activation remains unclear, fat tissue is increasingly being recognized as an important hotbed of metabolic activity and a significant source of proatherogenic and proinflammatory adipocytokines that orchestrate metabolic and vascular dysfunction. 3, 4 Animal studies suggest that adipose tissue macrophage (ATM) activity is functionally intertwined with systemic disease mechanisms. [5] [6] [7] The pathogenic link is supported by pharmacogenetic studies demonstrating that attenuation of ATM influx alters cytokine production and improves insulin sensitivity. 8, 9 From a clinical perspective, inflammatory changes in fat have not been commonly investigated in human disease nor examined in the context of functional cardiovascular abnormalities.
Inflammatory mechanisms are critical to all stages of cardiovascular disease progression and play a causal role in vascular endothelial dysfunction that represents a crucial early event in atherosclerosis and subsequent coronary heart disease (CHD) events. 10, 11 These mechanisms are, in part, supported by local and systemic release of inflammatory cytokines that mediate activation of neutrophils, monocytes, and T-cells, promote lipid-laden foam cell accumulation, weaken atherosclerotic plaque stability, and impair nitric oxide (NO)-mediated endothelium-dependent arterial vasodilation. 12, 13 Although obesity is broadly linked with vascular diathesis, considerable heterogeneity in arterial function exists between individuals with excess fat mass that may be relevant to cardiovascular risk. 14 The extent to which variability in inflammation of adipose stores relates to systemic vascular phenotype is unknown. The goal of the study was to examine the association between the state of inflammation in human fat and vascular and metabolic parameters in obese individuals.
Methods

Study Subjects
We enrolled consecutive obese men and women with a body mass index (BMI) Ն30 kg/m 2 (range 32 to 78 kg/m 2 ), age Ն18 years, receiving care at the Boston Medical Center Nutrition and Weight Management Center. This high-volume ambulatory center provides outpatient comprehensive dietary, medical, behavioral, or surgical treatments to promote lifestyle modification and weight loss. Patients with unstable medical conditions such as active coronary syndromes, congestive heart failure, systemic infection, malignancy, or pregnancy were excluded. All subjects gave written, informed consent and the study was approved by the Boston University Medical Center Institutional Review Board.
Vascular Studies
Vascular ultrasound studies of brachial artery vasoreactivity were performed in a temperature-controlled room with subjects lying supine in a fasting state. Studies were performed during a weightstable period before initiation of weight loss intervention, and vasoactive medications held 24 hours before ultrasound examination. Trained sonographers examined brachial artery vasomotor responses using a noninvasive standardized method of ultrasound imaging as previously described, using a Toshiba Powervision 6000 system. 15, 16 Flow-mediated dilation (FMD) and nitroglycerin-mediated dilation (NMD) of the brachial artery were examined as measures of endothelium-dependent and -independent dilation, respectively. Brachial artery FMD responses were examined after a 5-minute cuff occlusion in an upper arm position above the antecubital crease. Pulsed-Doppler flow velocity signals at baseline and after cuff deflation quantified measures of reactive hyperemia. Sublingual nitroglycerin (0.4 mg) was omitted if the subject declined or had a history of migraines, blood pressure Ͻ100 mm Hg, previous adverse reaction to nitrates, or used phosphodiesterase type-5 medications. An investigator blinded to clinical information performed all off-line analyses of digitized end-diastolic images.
Subcutaneous Adipose Tissue Collection
In the same subjects, we collected subcutaneous adipose tissue (SAT) via percutaneous needle biopsy or during gastric bypass surgery. Abdominal subcutaneous fat biopsies were performed lateral to the umbilicus using standard sterile technique. Briefly, the region was carefully inspected for anatomic landmarks, draped, sterily prepped using alcohol and betadine, and locally anesthetized with 2 mL 2% lidocaine. Through a small superficial 0.5 cm skin incision, adipose tissue was collected via a 3-hole cannula needle. Subcutaneous abdominal tissue was also directly harvested in a cohort of bariatric subjects during planned operative procedure. All tissue samples were stored in formalin or promptly frozen in liquid nitrogen (LN 2 ) to be stored at Ϫ80°C. Each subject provided a single biopsy specimen for analysis. Tissue samples were then used for immunohistochemical and functional analyses using established methods described in the manuscript.
Adipose Tissue Immunohistochemistry
Immunohistochemical stains were performed in the Department of Anatomic Pathology at Boston Medical Center. Infiltration of macrophage cell populations into adipose tissue was characterized using cell-specific stains targeted to CD68 (predilute antibodies from DakoCytomation Corporation). Briefly, 5-m-thick adipose tissue sections were fixed and loaded onto Biogenex I-6000 machine for incubation with primary antibodies. Multilink biotinylated secondary antibody was then allowed to react for 30 minutes at room temperature. Slides were then washed with PBS and placed in diaminobenzidine solution and microscopically examined for a positive reaction and counterstained with hematoxylin. All samples were evaluated in a blinded fashion by the pathologist (LJ) for the presence (ϩ) or absence (Ϫ) of macrophage crown-like structures (CLS) in fat biopsy tissue as described in previous clinical studies. 17, 18 CLS status was assessed after examination of all fields available per slide at high-power field (HPF) magnification using light microscopy. Each subject-specific biopsy sample yielded a mean of 15Ϯ7 HPFs for analysis per slide. Subjects were dichotomously categorized as being CLSϩ if distinct adipose tissue macrophage clusters were present in any examined HPF, or CLSϪ if clusters were completely absent in all histological fields for a given subject. Additionally, total macrophage counts from all slide fields were quantified and indexed to number of fields examined for each subject.
Quantification of Gene Expression Using Real-Time Polymerase Chain Reaction
Subcutaneous tissue biopsy specimens from human subjects provide samples for ex vivo analysis of cytokine mRNA expression. Briefly, after collection, biopsy specimens were placed in ice-cold saline and transported to the laboratory within 15 minutes. Samples were cleaned by removing visible blood vessels and clots, immersed in RNA preserving solution (RNAlater, Sigma-Aldrich), and stored at Ϫ20°C. Total RNA was isolated from fat tissue via Ambion Inc and cDNA synthesized by reverse transcription. SYBR-Green based real-time PCR was used to analyze TNF-␣ and CD68 mRNA expression. Results were analyzed in reference to an endogenous house-keeping gene. PCR reaction was performed using an Applied Biosystems 7500 real-time PCR system.
Anthropometric and Metabolic Measures
Concomitant with vascular and immunohistochemical studies, clinical characteristics including blood pressure, heart rate, height, weight, BMI, and waist circumference were recorded for each subject. Biochemical analyses including lipids, glucose, insulin, homeostasis model assessment of insulin resistance (HOMA-IR) were quantified from blood samples collected in a fasting state using standard methods provided by the Boston Medical Center clinical chemistry laboratories. Plasma adipocytokine levels were measured using immunoassay kits for TNF-␣ (Invitrogen); high-sensitivity C-reactive protein (CRP; MP Biomedicals); osteopontin (R&D Systems); leptin (ALPCO Diagnostics); MCP-1 (RayBiotech); and high-molecular weight (HMW) adiponectin (Millipore).
Statistical Analysis
Analyses were completed using SPSS for Windows, version 12.1 (SPSS Inc). Data are presented as meanϮSD, unless otherwise indicated. Categorical group differences were examined using the Chi-square test or Fisher exact test as appropriate. Kolgomorov-Smirnov tests were used to determine whether continuous variables were normally distributed. Student t tests and Mann-Whitney U tests were used to examine relationships between adipose inflammatory status and continuous variables. Correlations between vascular parameters and clinical data were examined using Pearson or Spearman methods. For all analyses, probability value Ͻ0.05 was considered statistically significant.
Results
Clinical and Histological Data
A total of 77 patients (mean age 44Ϯ10 year, 94% female) completed the study. All subjects were obese with average BMI 44Ϯ8 kg/m 2 (range 32 to 78 kg/m 2 ) and waist circumference (WC) 110Ϯ14 cm (68 to 154 cm). A large number of individuals were severely obese with 71% of the population exhibiting at least class 3 obesity (BMI Ն40 kg/m 2 ). We characterized subcutaneous adipose tissue (SAT) histology using targeted immunohistochemistry for CD68 as a macrophage marker and identified primarily 2 architectural phenotypes within adipose reserves. In 50 subjects, we observed the presence of aggregated macrophages assembled into ring patterns or crown-like structures (CLSϩ) buttressed around adipocytes as shown in Figure 1 . This organized macrophage pattern has been previously described in human fat and represents a hallmark of localized chronic inflammation. 17, 19 In contrast, in 27 obese subjects inflammatory activity in SAT was quiescent with absence of any macrophage crowning (CLSϪ). Total adipose macrophage count/HPF was significantly higher in the CLSϩ group (PϽ0.001; Figure 2A ), and correlated with HOMA-IR (rϭ0.33, Pϭ0.009), insulin (rϭ0.24, Pϭ0.048), and plasma adiponectin (rϭϪ0.37, Pϭ0.004).
Clinical and metabolic parameters stratified by CLS status are displayed in Table 1 . As shown, there were no significant differences in adiposity parameters or plasma lipids between groups. In these severely obese subjects, we observed a high clinical prevalence of metabolic syndrome in both the CLSϩ (71%) and CLSϪ (67%) groups (Pϭ0.66). In contrast, CLSϩ subjects exhibited significantly higher insulin levels (21Ϯ17 versus 11Ϯ7 uIU/mL, Pϭ0.002) and insulin resistance assessed by HOMA-IR (5.5Ϯ4.5 versus 2.6Ϯ1.9, Pϭ0.002) as compared to the CLSϪ group (Figure 3 ). There were no group differences in use of statin medications, nonsteroidal antiinflammatory drugs, ACE-inhibitor or angiotensin recep-tor blocker use, hypoglycemic agents, or postmenopausal status (Table 1) .
Vascular Function Data
For the entire population, mean brachial artery flow-mediated dilation (FMD) was 9.3Ϯ4.3% and nitroglycerin-mediated dilation was 12.2Ϯ4.8%. As shown in Figure 4 , brachial artery FMD was significantly impaired in the CLSϩ versus CLSϪ group (8.5Ϯ4.4% versus 10.8Ϯ3.8%, respectively, PϽ0.05). Additional brachial artery parameters are displayed in Table 2 . Nitroglycerin-mediated endothelium-independent vasodilation, which represents vascular smooth muscle responsiveness to nitric oxide, was similar in both groups. Similarly, there were no group differences in measures of hyperemic forearm blood flow. Thus the findings suggest that the observed vascular impairment associated with an inflamed fat phenotype was linked to abnormalities in conduit artery endothelial function. Correlations between FMD and HOMA-IR were (Ϫ0.14, Pϭ0.28) and insulin (Ϫ0.13, Pϭ0.29). Figure 2 . A, Fat tissue macrophage density quantified by immunohistochemistry was significantly higher in CLSϩ subjects (PϽ0.001), which was confirmed by RT-PCR CD68 gene expression (B; PϽ0.05). C, TNF-␣ mRNA expression in fat quantified by RT-PCR was significantly higher in CLSϩ subjects (Pϭ0.035). Data are presented as meanϮSE.
Adipose Gene Expression and Plasma Cytokines
We investigated whether histological findings of inflammation in SAT are associated with functional upregulation of tissue cytokine expression and measures of systemic inflammation. As shown in Figure 2B and 2C, adipose CD68 and TNF-␣ mRNA expression were significantly greater in CLSϩ fat tissue. Although BMI correlated strongly with plasma leptin (rϭ0.47, PϽ0.001) and MCP-1 (rϭ0.34, Pϭ0.005) in this cohort of subjects, there were no significant differences between the CLSϩ and CLSϪ groups in plasma TNF-␣ (2.5Ϯ1.5 versus 1.5Ϯ1 pg/mL, Pϭ0.17); osteopontin (23.5Ϯ21 versus19.8Ϯ20.8 ng/mL, Pϭ0.46); leptin (11.3Ϯ7.3 versus 11Ϯ5.9 ng/mL, Pϭ0.93); or MCP-1 (53Ϯ21 versus 57Ϯ21 pg/mL, Pϭ0.53). In contrast, plasma hs-CRP was significantly higher in subjects with inflamed fat phenotype (7.2Ϯ3.9 versus 4.8Ϯ3.4 mg/L, Pϭ0.02) along with a strong trend for lower HMW adiponectin in this group (12.8Ϯ9.8 versus17.8Ϯ11.7 ng/mL, Pϭ0.07). Adiponectin negatively correlated with insulin (rϭϪ0.39, Pϭ0.002) and HOMA (rϭϪ0.38, Pϭ0.003).
Discussion
In the present study, we demonstrated that histological findings of inflammation in human fat characterized by macrophage infiltration in distinct crown-like patterns was associated with upregulated tissue cytokine gene expression, systemic inflammation, insulin resistance, and vascular endothelial dysfunction. Our data demonstrate that human fat depots exhibit variable degrees of inflammation and suggest that adipose immune activity may be linked to a pathogenic phenotype associated with metabolic and vascular dysfunction. To our knowledge, our findings are among the first clinical studies linking adipose inflammation to systemic arterial dysfunction that may identify obese individuals at increased cardiovascular risk.
Obesity is rapidly emerging as a major public health issue worldwide. Excess fat is associated with several risk factors for coronary heart disease including hypertension, dyslipidemia, and impaired glucose tolerance. 20, 21 These risk factors share a common pathophysiology linked to chronic inflammation that plays a critical role in the pathogenesis of atherosclerosis. The biological connection is supported by numerous clinical studies demonstrating that inflammatory biomarkers consistently identify patients at increased cardiovascular risk. 10, 22 A key component of the atherogenic process involves activation of the vascular endothelium in response to circulating factors including oxidized-LDL, free fatty acids, interleukins, TNF-␣, and CRP that stimulate expression of adhesion molecules, toll-like receptors, and monocyte chemoattractant protein-1 (MCP-1) promoting atherosclerotic changes in the vascular wall and loss of NO bioaction. [11] [12] [13] A proatherogenic milieu supported by endothelial dysfunction is causally linked to risk of myocardial infarction and stroke. [23] [24] [25] In this regard, adipose phenotype and associated adipocytokine overexpression amplified by tissue macrophage buildup may lead to a heightened systemic state of inflammation and endothelial activation. Our findings of a specific impairment in arterial function with altered adipose metabolism build conceptual basis for a pathogenic adipose-vascular axis and prompt speculation that functional changes originating in extravascular fat stores may be linked to CHD risk.
The association between insulin resistance and adipose inflammation represents validation of prior data from rodent models and adds to limited information available in humans. Macrophage-driven inflammation of fat precedes and temporally correlates with development of insulin resistance in mouse models of dietary or genetic obesity. 5 Direct local effects of TNF-␣ on adipocyte biology provides a link to mechanisms of insulin resistance in these models, although as in our study, a firm association between insulin sensitivity and plasma TNF-␣ levels has been variable. 3, 26, 27 Additional cytokines including IL-6, iNOS, MCP-1, intercellular adhesion molecule-1 (ICAM-1) activated by NF-B and JNKdependent pathways and sustained cross-talk between adipocytes, macrophages, and vascular endothelial cells likely amplify a localized process to induce a broader systemic state of inflammation associated with metabolic and vascular dysfunction. These basic mechanisms are in line with clinical studies demonstrating impaired endothelium-dependent dilation with insulin resistance syndromes and conversion of the endothelium to a proinflammatory phenotype. 28 In the present study, however, correlation of arterial responses with insulin resistance was modest in this uniformly severely obese population, an observation that has been consistent across other studies that examined this issue in the obese. 29, 30 This can be partly explained by the high prevalence of abnormal HOMA-IR in these subjects, thus limiting its discriminatory power. Other cytokine products and adipose-derived modulators of vascular biology may play a more significant role in governing vascular phenotype in extreme obesity.
Whereas clinical studies have described macrophage crownlike structures in fat, we have specifically associated this phenotype with multi-level physiological dysfunction. [17] [18] [19] 31 Although isolated ATMs in addition to ring aggregates were present through adipose tissue, we did not identify dense infiltration patterns encompassing up to half of fat population as described in leptin-deficient or diet-induced obese mice. 6 As scattered immune cells are ubiquitously present throughout various organs and carry out tissue-specific functions, it is plausible that ring-like accumulation patterns represent more advanced stages of an inflammatory response and thus more closely relate to systemic activation, as supported by increased plasma CRP in our study. The stimulus for macrophage influx into fat is largely unknown and likely involves a complex pathophysiology that includes toxic adipocyte hypertrophy and dysfunction; tissue hypoxia; oxidative stress; and cytokine cross-talk with increased local expression of TNF-␣, C-C motif chemokine receptor-2 (CCR2), and MCP-1. 8, 17 Recent data suggest that macrophage crowns localize selectively to sites of adipocyte necrosis suggesting that adipocyte death may modulate tissue inflammation. 17, 32 ATM accumulation in different fat reserves has been associated with metabolic dysfunction, 9, 33 and the literature is contentious vis-à-vis depot-specific links to cardiometabolic risk. Although metabolic abnormalities are primarily ascribed to visceral fat, recent data from the Framingham Heart Study demonstrate that both subcutaneous and visceral loads relate to atherogenic biomarkers and each depot may individually play a role in total adiposity burden. 34, 35 In the present study we focused primarily on macrophage markers though chemokines involved in T cell recruitment are also linked to components of the metabolic syndrome, suggesting that the inflammatory response involves a complex interplay of various immune cell types. 36 A seminal finding in our study was the striking interindividual difference in adipose histology and gene expression, independent of BMI, prompting speculation that for any given degree of adiposity, a higher state of immune activity in fat is linked to a more proatherogenic profile. In this context, the extent to which characterization of inflammatory burden may add to the global risk assessment of obese patients deserves further investigation. We find it thus plausible that intrinsic genetic or physiological alterations that render individuals more susceptible to inflammatory activation in association with weight gain also place them at increased cardiometabolic risk.
Our present study has several limitations. We examined fat histology exclusively in obese subjects because securing tissue was technically safer and more feasible in this clinical study. Comparing present findings to a lean group may be the focus of future investigation. In addition, we relied on a single biopsy site to minimize subject discomfort, and it remains plausible that multi-site sampling could have influenced subject categorization. However, our findings are in line with prior clinical studies demonstrating that individuals with lesser degrees of metabolic dysfunction appear to have lower inflammatory burden. 37 Waist-to-hip ratio assessment was not available owing to lack of hip measurements, although waist circumference was similar in both groups. We used HOMA to assess in vivo insulin sensitivity but acknowledge that it only represents an approximation of systemic insulin resistance. 38 Lastly, we found no group differences in plasma adipocytokines other than hs-CRP. Our present study may not be powered to detect such differences, or plasma concentrations may not adequately reflect local tissue biology. 39 In summary, in a cohort of obese subjects we have demonstrated that proinflammatory changes in subcutaneous adipose tissue characterized by macrophage infiltration and upregulated cytokine expression are associated with systemic endothelial dysfunction and insulin resistance. These findings suggest that inflammation in adipose tissue may be linked to systemic arterial injury and increased cardiovascular risk in obese subjects. 
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